Abstract Global precipitation variations over the satellite era are reviewed using the Global Precipitation Climatology Project (GPCP) monthly, globally complete analyses, which integrate satellite and surface gauge information. Mean planetary values are examined and compared, over ocean, with information from recent satellite programs and related estimates, with generally positive agreements, but with some indication of small underestimates for GPCP over the global ocean. Variations during the satellite era in global precipitation are tied to ENSO events, with small increases during El Ninos, and very noticeable decreases after major volcanic eruptions. No overall significant trend is noted in the global precipitation mean value, unlike that for surface temperature and atmospheric water vapor. However, there is a pattern of positive and negative trends across the planet with increases over tropical oceans and decreases over some middle latitude regions. These observed patterns are a result of a combination of inter-decadal variations and the effect of the global warming during the period. The results reviewed here indicate the value of such analyses as GPCP and the possible improvement in the information as the record lengthens and as new, more sophisticated and more accurate observations are included.
Introduction
Precipitation has been measured across the globe at various locations for centuries, beginning with simple and then more complex surface gauges. As the record at individual locations and over regions lengthened, long-term means (climatologies) were calculated & Robert F. Adler radler@umd.edu and seasonal and inter-annual variations at those locations were examined. Over many land areas, especially populated areas, these became very valuable to understand the climatology of precipitation across the globe. Over oceans, precipitation information was originally limited to islands and ships. Before the advent of satellites, global climatologies were constructed from the gauges over land and estimates of precipitation based on shipboard weather observations (e.g., Jaeger 1983) . With satellite-based precipitation estimates available in the latter part of the twentieth century, efforts were made to provide analyses of monthly precipitation estimates combining the best observations over the entire globe with techniques to produce a consistent record during the period. The Global Precipitation Climatology Project (GPCP) was formed by the World Climate Research Program (WCRP) over 30 years ago in order to assess the long-term mean or climatology globally and regionally and improve our knowledge of variations of precipitation at various time and space scales (Arkin and Xie 1994) . The GPCP monthly product Huffman et al. 2009 ) is the basis for this review of the climatology and large-scale variations of precipitation during the satellite era .
Knowledge of the magnitude of global (and large-scale regional) precipitation and how it varies on different time scales is important for many reasons, including understanding global and regional water and energy balances, answering questions related to water resources for humans and agriculture and in order to better understand how environmental changes can affect this critical parameter.
In this study, we utilize the GPCP monthly analysis as a basis for reviewing the magnitudes and variations of precipitation during the last 36 years. One focus is the comparison of the GPCP global and tropical long-term means with shorter period records from new satellite observations such as CloudSat and TRMM. Long-term trends of global and regional precipitation and the impacts of volcanoes and ENSO on global means are also explored. Residual precipitation trends (with volcanoes and ENSO effects removed) are related to temperature and water vapor trends to better understand global warming relations, including regional precipitation trends.
Data Sets
The monthly precipitation data from the GPCP product (version 2.3) is applied in this study. This is a community-based analysis of global precipitation under the auspices of the World Climate Research Program (WCRP). Archived on a global 2.5°9 2.5°grid, the data set covers the period starting in 1979 and is produced by merging a variety of data sources, including passive microwave-based rainfall retrievals from the special sensor microwave/imager (SSM/I) and the special sensor microwave imager sounder (SSMIS), infrared (IR) rainfall estimates from geostationary and polar-orbiting satellites, and surface rain gauges. The passive microwave data dominate over tropical and mid-latitude oceans and are also used over land. For example, over most of the period the ocean estimates (up to 40-50°latitude) are driven by passive microwave estimates using SSM/I and more recently SSMIS data, with IR data being used to increase sampling and therefore smoothness and to help incorporate the diurnal cycle. At higher latitudes, over both ocean and land, empirical precipitation estimates from temperature-moisture sounders are utilized. Over land, at all latitudes where available, the gauge information (adjusted for undercatch) is utilized and dominates where gauge spacing is dense. Although many of the input data sets are now available on finer spatial scales, the 2.5°9 2.5°analysis resolution allows for easier incorporation of historical data sets and is still commensurate with a monthly time scale. However, development of a next generation of the GPCP analysis is underway and will be at a finer spatial scale (*1°). The combination procedures are designed to harness the strengths of individual inputs, specifically in terms of bias reduction Huffman et al. 2009 ). The GPCP version 2.3 has recently been released and corrects some small inter-calibration and analysis errors that increase ocean precipitation somewhat compared to the previous version 2.2, especially in middle latitudes during the last decade of analysis. The new version also includes a new version 7 full data monthly gauge analysis from the Global Precipitation Climatology Centre (GPCC) of the Deutscher Wetterdienst (DWD) in Germany. More details on version 2.3 can be found at http://gpcp.umd.edu/.
Recently, there have been new mission entrants into precipitation estimation from space. These include the Tropical Rainfall Measuring Mission (TRMM) (e.g., Kummerow et al. 2000) and CloudSat (Stephens et al. 2002) mission. TRMM carries both a precipitation radar (PR) at 14 GHz and a TRMM microwave imager (TMI). CloudSat is a higher-frequency radar (94 GHz) that is valuable for detecting light precipitation, more dominant at higher latitudes. Studies using these new data are utilized here to compare with GPCP mean values for comparison over ocean (e.g., Huffman et al. 2007) . Results from the Global Precipitation Measurement (GPM) mission launched in 2014 (Hou et al. 2014) are not included here as retrieval algorithms are still maturing and mean estimates are still being evaluated.
The NASA-GISS surface temperature anomaly field (1880-present) is applied to examine temperature variations/changes due to its coverage over global land and ocean (Hansen et al. 1999) . The data set combines the NOAA Global Historical Climatology Network (GHCN) v3 adjusted monthly mean temperature data over land augmented by Antarctic data collated by the UK Scientific Committee on Antarctic Research (SCAR) and the NOAA Extended Reconstructed Sea Surface Temperature (ERSST) v4 data (Smith et al. 2008; Huang et al. 2015) . It is archived on a global 2°9 2°grid and re-gridded to the GPCP grids. The temperature data derived using the 1200-km smoothing level are used here.
The version-6 monthly special sensor microwave/imager (SSM/I) columnar water vapor products from the remote sensing systems (RSS) are used to describe the variations in oceanic precipitable water. The data cover the post-1987 period and are combined from several inter-calibrated satellite retrievals (Wentz 1997) . For the post-2009 period, the version-7 special sensor microwave imager sounder (SSMIS) products are used. Simple inter-comparisons indicate that the SSMIS data are generally consistent with the SSM/I retrievals.
Precipitation Climatology

Spatial and Seasonal Variations
The long-term mean map of annual mean precipitation (Fig. 1a) for the satellite era displays the usual dramatic features, including the Inter-Tropical Convergence Zone (ITCZ) across the Pacific Ocean and over the Atlantic and Indian Oceans and the land areas of Africa, the Maritime continent and South America. The South Pacific Convergence Zone (SPCZ) extending from the equatorial regions southeastward across the south Pacific Ocean is also very evident, along with a similar feature in the South Atlantic, extending from South America. The subtropical minima along the latitudes of 20°are located with prominent deserts of those regions and dry areas of the eastern regions of the oceans at that latitude. In mid-latitudes of the northern hemisphere, rainfall maxima along and off the east coasts of the continents are noted extending northeastward, although in the mid-latitudes of the southern hemisphere, a weaker, but continuous precipitation maximum is observed circling the hemisphere. Figure 1 depicts a long-term mean of a highly and rapidly varying variable and corresponding standard deviations of annual mean anomalies that are dominated by ENSOrelated inter-annual variability. There are significant variations even on the seasonal scale (Fig. 2) . Over both the ocean and land, there is the seasonal thermal inertia process operating, with a larger amplitude of latitudinal variation over land. The areas of subtropical minima and mid-latitude maxima also evidence seasonal variation in their magnitudes and positions. For more examples of GPCP seasonal maps and variations, and latitudinal distributions, see figures in GPCP description papers Huffman et al. 2009; Adler et al. 2012 ).
Global and Tropical Mean Precipitation
Averaging over the entire period of the GPCP record and pole to pole, the grand total estimate is 2.69 mm/day (Table 1) with an estimated error of approximately ±7% based on the variation among estimates from a number of other products (see Adler et al. 2012) . The ocean and land totals are 2.89 and 2.24 mm/day, respectively. Factoring in the difference in area between ocean and land over the globe, it can easily be seen that more than 2.5 times as much precipitation by volume falls over ocean as does over land.
Because determination of ocean precipitation is very largely dependent on satellitebased estimates, it is critical to determine our confidence in those estimates to understand the gross magnitude of our planet's water cycle. Researchers have used a variety of data sets, including satellite data sets (and models) to estimate the components of the water cycle (precipitation, evaporation, transport, etc.) to try and balance, or ''close'' the water cycle on a global or large regional (e.g., continental or ocean basin) scale. For example, Trenberth et al. (2009) adjusted the GPCP value upward by 5% to achieve a global water balance. In another, more recent, example, Rodell et al. (2015) examined the mean global water cycle for the first decade of the twenty-first century by using various satellite-based and conventional data sets, with reanalysis used to fill certain gaps. Initially, they used the magnitudes of the components as given by the means over the first decade of the twenty- first century. But the study then used an objective method to adjust the various component magnitudes to achieve closure, based on the magnitude of the estimated errors for each of the different data sets. The earlier V2.2 GPCP regional and global means were used in this exercise, and the budget closure procedure required that the mean global precipitation over that period from GPCP had to be increased by 5% over ocean and about 1% over land. The GPCP V2.3 mean value over ocean is slightly larger than the V2.2 value, so a smaller adjustment would have been necessary if it had been used instead. On the other hand, Stephens et al. (2012) argued that the GPCP value must be increased by roughly 15% to balance the energy budget. However, L 'Ecuyer et al. (2015) , in the companion energy budget analysis paper to the Rodell et al. (2015) water cycle study, found an energy balance using the same GPCP values as Rodell et al. These GPCP adjustments (up to 5% over ocean) fall within the estimated errors for GPCP (Adler et al. 2012 ) and give some confidence that the GPCP global-scale magnitudes are close to the actual values, or at least fit comfortably with the estimates of the other water cycle components. The very small adjustment over land reflects the value of the gauge data (Schneider et al. 2014 ) and the careful analyses thereof in GPCP, before its blending with the satellite data. It should be remembered, however, that the final GPCP over-land precipitation analyses contain an adjustment for gauge under-catch and are therefore slightly larger than straight gaugebased estimates. So, how do the estimates from GPCP compare in terms of very large-scale means to these new estimates involving TRMM and CloudSat? First, we will focus on the tropics, and on the oceans. The tropics are important because a large fraction of global precipitation falls in the low-latitude region. And, oceans are critical, because of the lack of simple, but relatively accurate, rain gauge observations. For the ocean area between 35°N and 35°S, the GPCP numbers compare quite closely with those of TRMM (see Table 2 ). The TRMM program has three different algorithm products: one based on the passive microwave instrument, the TMI; one based on the radar, the PR; and one based on a combination of the two instruments. The three estimates have been combined into a TRMM composite climatology (TCC) Wang et al. 2014) , where the local spread among the estimates provides a measure of confidence in the result. As indicated by the spread of estimates in some locations (and the maps in the referenced articles), there can be significant differences between these three estimates in certain regions, but over the large area of the tropical oceans, they are within a few percent of each other, as seen in Table 2 . A separate study (Behrangi et al. 2014 ) used the TRMM PR data and the CloudSat radar and obtained an independent estimate from that of the TCC and the separate TRMM instrument estimates. Again, that TRMM/CloudSat estimate is very close to, but slightly higher than, the GPCP number in the tropics.
TRMM covered only the tropics up to latitude 35°. But what is the result for the middle and higher latitudes over the ocean? Here GPCP is dependent on a mixture of passive microwave-based estimates and empirical relations between cloud and moisture information from satellite sounders and from gauge information, with the influence of the microwave-based estimates decreasing poleward from 40°. Behrangi et al. (2014) also made an estimate from 60°N to 60°S over ocean using the TRMM and CloudSat radars in the tropics and a combination of passive microwave data from the advanced microwave scanning radiometer (AMSR) on the AQUA satellite and the CloudSat radar in middle and high latitudes. Table 3 indicates that this new estimate of total ocean precipitation is about the same as GPCP (V2.3) for the same years, but slightly higher by about 3% compared to the earlier V2.2 number. This 3% difference is within the error bars (Adler et al. 2012) of GPCP, but is also of the same sign (and rough magnitude) of the adjustment needed for water cycle closure . Thus, for the same time period the new V2.3 numbers seem to compare very well with the Behrangi et al. (2014) satellite estimates and the Rodell et al. (2015) water balance values. Another merged data analysis product, the Climate Prediction Center Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1997) has a very similar global ocean mean value (Behrangi et al. 2014 ), but with a higher value in the tropics and a much lower value in high latitudes (Adler et al. 2012; Behrangi et al. 2014) . These large-scale tropical and high latitude differences in CMAP are related to its Behrangi et al. (2014) use of IR-based rainfall in the tropics and dependence on passive microwave-based estimates known for underestimation at the higher latitudes (Behrangi et al. 2014) . Both the tropical and total ocean precipitation estimates from GPCP are therefore confirmed (within about ±5%) by the newer, more sophisticated estimates using TRMM and CloudSat. It should be pointed out that these very large area totals mask some significant regional differences that need closer attention (Behrangi et al. 2014 (Behrangi et al. , 2015 .
However, these results do not indicate an end to the discussion of mean ocean rainfall; there is still more to be done. Luckily, the Global Precipitation Measurement (GPM) mission has been launched in 2014 and will provide new, more sophisticated data to continue to refine our knowledge of the absolute magnitude of global precipitation once the GPM precipitation products mature and are validated. Precipitation (1979 Precipitation ( -2014 Precipitation is highly variable, especially when estimated over small areas and/or short time periods. But how does it vary on a very large scale, for example for the whole planet? And since we know the planet's surface temperature has been increasing during the satellite era, how is that affecting total global precipitation. Figure 3 shows anomalies of global (ocean plus land) surface temperature (top panel) and global total precipitation according to GPCP (lower panel) in the black curves with a 3-month running mean. The surface temperature shows a clear trend during the period (at a rate of 0.16 K/decade), while the global precipitation shows a near-zero trend [actually a small rate of increase of less than 0.01 mm/day/decade or 1.3%/K (Table 4) ]. Although this precipitation trend number is close to some estimates based on climate models (e.g., Allen and Ingram 2002; Held and Soden 2006; Sun et al. 2007) , it is highly sensitive to the length of record used and other factors (see Gu and Adler 2013 ). We will revisit this temperature/precipitation trend number later. The global surface temperature and precipitation curves in Fig. 3 show significant inter-annual variations. Taking the trend out of the temperature curve still leaves a standard deviation (r) of 0.15 K around that trend line. Since the overall change in surface temperature for this period is *0.6 K, the inter-annual variations are about a quarter of the 36-year change. For precipitation, r is about .03 mm/day, roughly 1% of the mean. Some of the variance in both parameters probably comes from noise in the original data and the analysis techniques; however, because we are averaging over the entire planet with strong efforts at maintaining homogeneity of the records, most of this variation is likely real.
Variations in Global Mean
In an attempt to estimate signals in these global mean records, we have previously used the Nino 3.4 Index as an indicator of ENSO and a stratospheric aerosol index as an indicator of volcano impacts Gu and Adler 2011) . Using a linear regression approach with relevant time lags (Gu and Adler 2011) , we have derived the planetary The PR/AMSR/CloudSat value is from Behrangi et al. (2014) Surv Geophys (2017) 38:679-699 685 surface temperature and precipitation signals related to ENSO and volcanoes (the red and blue lines in Fig. 3 ). For ENSO, one can see a global increase in surface temperature (Fig. 3a) for El Ninos (1983, 1988, 1992, 1998, 2010) and negative global anomalies during La Ninas (e.g., 1999 Ninas (e.g., -2001 . The maximum amplitude occurred during the 1998 El Nino (*?0.15°C), with smaller (negative) amplitudes during La Ninas. For the two major volcanic eruptions during the period, in 1982 (El Chichon) and in 1991 (Pinatubo), there is a sharp drop in surface temperature due to decreased solar radiation at the surface at the time of, and immediately after, the eruptions and then a gradual return to normal mean surface temperature over a 2-3-year period as the volcanic aerosols fell back to Earth. The temperature anomaly magnitude for Pinatubo (the larger event) is -0.35°C, a larger magnitude than the ?0.15°C estimated global impact of the 1998 El Nino.
Higher surface temperature leads to greater evaporation (especially over ocean) and greater instability; therefore, the inter-annual variations in surface temperature, even if averaged across the globe, tend to be related to variations of the same sign in global precipitation. This is evident in Fig. 3b , where one can easily see increases in global precipitation with El Ninos, decreases with La Ninas and decreases with the two volcanic events [detailed lag-correlation relations can be found in Gu and Adler (2011) ]. The maximum amplitude of the ENSO-related precipitation signal is ?0.04 mm/day and is made up of a larger increase over oceans and a decrease over land areas (see below). For the two volcanic events, amplitudes of precipitation change of -0.06 and -0.09 mm/day CWV versus ts 9.9 (9.8)
In parentheses are the respective values with the ENSO and volcano effects removed are evident. The signs and magnitude of the temperature variations are directly correlated with the amplitude of the precipitation anomalies (Gu and Adler 2011) . Looking closely one can also identify a lag (precipitation lagging temperature) of *6 months for these global signals (Gu and Adler 2011) . Past studies have examined the responses of precipitation to temperature variations on the inter-annual time scale using both observations and model outputs (e.g., Adler et al. 2008; . Here the precipitation responses are further factored into two mechanisms: ENSO and volcanic eruptions (Table 5) . Combining the precipitation and temperature variations for ENSO, a signal of *9%/C is calculated, a little higher, but close to, the Clausius-Clapeyron (C-C) relation of 7%/C. For the volcano impact, the combined value is *7.8%/C. Thus, although the trend signal for precipitation and surface temperature indicates *?0-1.5%/C, these global variations at the shorter, inter-annual, time scale indicate processes closer to having the Clausius-Clapeyron relation (Table 6 ).
In Fig. 3c, d , the ENSO and volcano signals are subtracted from the original signal. This reduces the short-term (inter-annual) variability and gives a somewhat better view of the inter-decadal and longer-term signal. During this 1979-to-near-present period, Fig. 3c shows a period of relatively rapid rise in temperature from 1979 to 1998 followed by a shallower slope. With a rough dividing line at about 1998 (middle of the strong El Nino), there seem to be two sub-eras during the satellite era. Overall there is an increase in surface temperature, attributed to CO 2 -related global warming, with an inter-decadal signal superimposed (e.g., Gu and Adler 2013; ). The period after 1998 is sometimes described as the ''hiatus'' (Trenberth and Fasullo 2013) , although recent work may indicate a stronger upward slope as shown here (Karl et al. 2015) . But the indication of a ''climate shift'' related to an inter-decadal process (Dai et al. 2015 ) is still strong. The precipitation signal after removal of the estimated ENSO and volcano signals (Fig. 3d) still shows a near-zero trend and significant, but slightly reduced, variability.
Figures 4 and 5 show the same type of plots as Fig. 3 , but for ocean and land separately. For ocean (Fig. 4) and land (Fig. 5) , the temperature curves show the similar qualitative features for ENSO and volcanoes but, although the temperature departure magnitudes for ENSO events are similar over ocean and land, for volcanoes the decreases in temperature are much larger over land. This may be due to volcanoes being located over land, but also the quicker response of surface temperature over land to decreases in solar radiation. The ''shift'' at 1998 is also evident in both residual time series of surface temperature, although at the end of the time period, the ocean and land seem to show an increase. Could this signal the end of the ''hiatus'' and a return to a more-rapid warming, being driven from the ocean? For the ocean figure, total column water has been added since 1988 (beginning of SSMI observations). It also shows perturbations related to ENSO and the one volcano during the period in the same directions as the surface temperature. The residual curve for water vapor indicates the leveling off after 1998, but an increase starting around 2008, perhaps in relation to changes in the sea surface temperature (SST) residual curve. It is also noted that, different from a small increased rate for global ocean precipitation, oceanic water vapor has a much larger increase rate (Table 4) , generally consistent with the results of Wang et al. (2016) . For precipitation, the ocean and land plots show the expected opposite sign anomalies for ENSO. For an El Nino (e.g., 1998), the precipitation anomaly over ocean is positive and over land is negative. This is, of course, due to the pattern of rainfall anomalies, mainly over the tropics, with a large positive anomaly over the central/eastern Pacific Ocean and the largest negative anomalies over the Maritime Continent and the Amazon. The opposite effect is present for La Nina. Thus, the global total (land plus ocean) precipitation anomalies for ENSO are a difference between the ocean and land values, with the land and ocean magnitudes being about the same (in terms of mm/day), but the sign of the ocean changes winning out due to the much larger area. In contrast for the volcanic eruptions, the magnitude of negative departure is about the same over land and ocean. The residual plots for precipitation both indicate a lack of trend, although the land curve shows a negative departure during the last few years. This may relate to not having the full gauge precipitation data set used for the earlier years, since it takes a few years for the full complement of precipitation data to be available for analysis. With these characteristics of changes well defined on the planetary scale for the satellite era, we have a large-scale definition of variations that should be replicated by climate models as research moves forward. Even though free-running climate models will not reproduce the specific events of the satellite era as described in Figs. 3 and 4 , the statistics of the model ENSO events, e.g., temperature and precipitation amplitudes, can be compared to these observation-based estimates. For climate models covering the satellite era that are forced by SST and aerosol observations (AMIP-type simulations), we can get closer to validating the model-generated specific events.
Patterns of Precipitation Variation
In the last section, one could see that, even when precipitation was averaged across the entire planet, we could pick out variations on inter-annual and inter-decadal timescales and show that phenomena such as ENSO and volcanoes could be detected on a planetary scale. We also saw that while surface temperature has increased significantly during the satellite era, the calculated trend in mean precipitation from the GPCP data set is near zero. In this section, we look at regional changes, including inter-annual and inter-decadal changes, and trends during this relatively short period.
Patterns of precipitation anomalies have been the subject of numerous studies (e.g., Dai and Wigley 2000; Held and Soden 2006; Xie et al. 2010; Gu and Adler 2013) . However, with global estimates from GPCP we can summarize the mean impact of ENSO during the satellite era across the globe. Figure 6 shows the summary of ENSO anomalies. It is constructed by splitting the Nino 3.4 index based on SST anomalies in the central Pacific into three categories: An El Nino is defined when the index is in the highest one-third months of the index, and La Nina is defined when the index is in the lowest one-third of the distribution. The middle third is defined as neutral. Figure 6 is the result of taking the mean anomalies of the El Nino months and subtracting the mean anomalies of the La Nina months. Since the La Nina patterns tend to be a mirror image of El Nino pattern, they tend to reinforce each other. The result in Fig. 6 shows a dramatic, alternating pattern of large positive and negative anomalies along the equator, with the largest (over 5 mm/day) positive peak in the central Pacific, associated with the typical maximum (with El Nino) surface temperature anomaly. The largest negative (weaker) anomaly is over the Maritime Continent to the west. The positive anomaly stretches eastward from its core right up to the coast of South America, where there is a marked shift to a deficit of rainfall over Amazonia. There is also a weaker positive anomaly over the western Indian Ocean, but these equatorial features weaken as they approach the opposite longitude of the primary maximum at about 180°longitude. Moving off the equator into the southern hemisphere, there are strong extensions of the equatorial features oriented northwest to southeast. The negative anomaly over the Maritime Continent can be seen extending across a long swath of the south Pacific Ocean to the area between Tierra del Fuego and Antarctica at 60°S. From the central Pacific positive anomaly, one can faintly trace a feature across southern South America, into the South Atlantic and below the tip of Africa. The positive anomaly over East Africa and the Equatorial Indian Ocean also extends southeastward. The Amazon feature extends across the Equatorial Atlantic into Africa.
In the northern hemisphere, the features are more fragmented, probably due to the impact of the larger continents and associated mountain ranges, especially in Asia. However, the extensive positive feature across the subtropical eastern Pacific into the southern USA and beyond all the way to western Europe seems to be linked to the original, largest positive anomaly on the equator at the Dateline. This map and the features therein are composites of a number of both El Ninos and La Ninas. Each individual event is different, but the fact that the composites have features that cover vast areas at their core and extend across oceans and continents indicates the impact of ENSO on the geographic distribution of precipitation.
The effects of the two distinct ENSO flavors (warm SST anomalies centered in central or eastern Pacific; e.g., Ashok et al. 2007 ) on precipitation are examined as well by a composite analysis (Fig. 7) . Four individual winter seasons are chosen for the eastern (EP) . The years chosen for composites are generally consistent with those of Yu et al. (2012) . Spatial features of EP-related precipitation anomalies are in agreement with the conventional, canonical ENSO events (e.g., Dai and Wigley 2000; Curtis and Adler 2003) and are in agreement with Fig. 6 . However, precipitation anomalies associated with CP events are relatively weak and the zone of maximum positive anomalies shifts farther west (near about 140°E) covering a large portion of tropical western Pacific (Fig. 7b) . East of the Dateline, a band of negative anomalies occupies the equatorial region with a narrow band of positive anomalies north of it, indicating a northward shift of the climatological inter-tropical convergence zone (ITCZ) (e.g., Ashok et al. 2007) , in contrast to the southward shift of the ITCZ associated with EP events (Fig. 7a) . In the Indian Ocean and Atlantic, different spatial features can also be readily seen between these two ENSO flavors. Additional analysis of impacts of these variations of ENSO on precipitation is discussed in .
Variations of regional precipitation due to ENSO are significant, but since they are associated with an inter-annual phenomenon, these variations do not significantly affect long-term regional changes. As well, although the global mean precipitation (and even that averaged over land and ocean separately) has a near-zero trend, that does not mean that regional trends are zero, and they are not. Figure 8 shows the regional trends of surface temperature, total column water vapor (over the ocean) and precipitation during the satellite era. Immediately obvious is that even the surface temperature trend pattern is not uniform (e.g., Hansen et al. 1999) . While the global trend number is ?0.1°C/decade for the period in question, there is significant spatial variability across the globe, varying from about ?0.5°C/decade in the north polar regions to about -0.2°C/decade in the eastern Pacific and across the southern ocean at high latitudes. The sea surface temperature (SST) trend pattern in the Pacific during this recent era is different from that of a longer period back through the twentieth century, which shows a more uniform warming over the ocean, although still with some variations. These differences highlight the fact that our satellite era is still a relatively short period (36 years) for characterizing climate trends and that factors at the inter-decadal time scale could play an important role in shaping the pattern of trends for the satellite era.
The oceanic water vapor trend pattern (Fig. 8b) shows a pattern very similar to the SST change pattern, with the largest water vapor increases linked to the maxima in increases in Fig. 7 Composite precipitation anomalies during boreal winter (Dec-Jan-Feb-Mar) for the (a) eastern and b central Pacific El Niño events. The years for compositing are 1982/1983, 1986/1987, 1997/1998, and 2006/2007 for the eastern events, and 1994/1995, 2002/2003, 2004/2005, and 2009/2010 for the central events Surv Geophys (2017) 38:679-699 691 surface temperature in the tropical western Pacific, Indian and Atlantic Oceans. A significant difference is the water vapor increase along the ITCZ across the Pacific, with areas of decreases north and south of the ITCZ. These water vapor trends over the ocean are related to increased evaporation associated with increased surface temperature, but also to moisture transport, including transport into the ITCZ. The precipitation trend pattern (Fig. 8c) is noisier than either the surface temperature or water vapor pattern, but resembles the water vapor pattern over the tropical oceans. For example, it shows a very narrow feature of increase along the ITCZ in the Pacific, the western Pacific area of increase, along with the increase in the South Pacific convergence zone (SPCZ), and increases in the tropical Indian and Atlantic Oceans. Decreases are noted on either side of the Pacific ITCZ, again nearly co-located with the water vapor change. Positive-change extensions toward mid-latitudes are seen emanating from the western Pacific maximum aligned approximately with the water vapor and SST positive-change areas. There is also an area of positive change at 60°S in the southern Pacific. Over land, there is positive/negative pattern of change over South America going from north to south, a weak pattern over Africa and a general area of increase over land along 60°N, especially evident over Asia. Across North America, there is weak negative change across the southwest USA and Mexico and extending to the east coast. Weak increases are indicated from Alaska, across Canada and the Great Lakes to the east.
The pattern of precipitation trend in Fig. 8c is related to the patterns of trend in surface temperature and ocean water vapor in a complicated way, integrating processes from the weather scale through inter-annual and inter-decadal changes up through the impact of global warming. The result of these processes can be seen in some of the pattern relations in the figures, but are difficult to separate. Figure 8c is arguably the best, globally complete, observation-based estimate of precipitation trend over this long a period (36 years).
Since this period is concurrent with a period of significant global warming, one key question is whether the observed pattern is largely the result of that planetary warming? Having such an observed pattern in which we have confidence would be useful for understanding the recent past, for assuming a similar future pattern of change and for comparison and validation with climate models of global warming covering the past and projecting future precipitation patterns. While short-term processes up through inter-annual presumably average out, the relatively short period of the satellite era could allow effects of inter-decadal processes to be evident. Indeed, that appeared to be the case on the planetary scale when examining the global surface temperature and water vapor trends in the previous section. Figure 9 shows the time history during the satellite era of three SST-based indices of climate scale variations. In the top panel is the Nino 3.4 index related to ENSO, where high positive values are related to El Ninos. In the middle panel is the Pacific Decadal Oscillation (PDO) index, a gradient of SST in the northern Pacific, and the bottom panel shows the Atlantic Multi-decadal Oscillation (AMO) index. While the Nino 3.4 index shows no obvious inter-decadal changes, the PDO and AMO show a shift around 1998. Although the global precipitation plot (Fig. 3b) does not show the ''shift'' around 1998, the inter-decadal change signal could be affecting the pattern of the precipitation trend. Recent work (Gu and Adler 2013; ) attacked this problem to separate the signal associated with possible inter-decadal processes and isolate the global warming (GW) signal as much as possible. Here we present updated results of these studies with additional years and the new version of the GPCP data set.
The technique used to separate the signals is described in detail in , which is in general similar to the method used in Thompson et al. (2000) . It basically uses the two indices representing PDO and AMO as predictors to estimate the regression coefficients between these two mechanisms and precipitation variations. Their contributions to the total precipitation changes/trends can then be estimated by multiplying the corresponding regression coefficients with the linear trend in the two indices. Furthermore, the effects of other mechanisms such as anthropogenic greenhouse gases (GHG) and aerosols are estimated by subtracting the PDO and AMO contributions from the total trends. As discussed in , the effects from aerosols and natural forcings on the trends tend to be opposite and are much weaker than the anthropogenic GHG impact that dominates the residuals.
The result is summarized in Fig. 10 . The upper-left panel (Fig. 10a) is a repeat of the observed precipitation trend pattern. Figure 10b shows the trend pattern related to the PDO change during the era, with a focus in the Pacific and showing some similarity to the observed pattern (Fig. 10a) in that region. The AMO-related change pattern (Fig. 10c) shows a wider geographic spread to the features, with somewhat opposite sign signals from the PDO in the Pacific, and features similar to the observed in the Atlantic and Indian Oceans. Although these estimates of PDO-and AMO-related trends are likely not exact, they give an estimate of how these inter-decadal signals affect the change during this relatively short period. Subtracting these effects from the observed pattern gives an estimate of the change pattern due to remaining processes (Fig. 10d) , in this case global warming. Although all these processes are intertwined, this linear removal process based on the change in the indices hopefully gives a better estimate of the GWrelated trend than just the change in the observations themselves. The estimated GWrelated pattern in Fig. 10d has a stronger positive trend area along the Pacific ITCZ and weaker negative areas north and south of the ITCZ. Although the positive maxima over the western Pacific, SPCZ and Indian Ocean are still there, they are somewhat weaker. Similar differences can be found over oceans at higher latitudes. Over land, features are still similar, but weaker. A case can be made that this overall trend pattern matches better with that derived from climate models for the same period using GW forcing .
Looking at the trend distribution from a zonally averaged standpoint helps to give a more planetary-scale view. Figure 11 shows the latitudinal distribution of trends in surface temperature and precipitation during the period in question. In the top panels (Figs. 11a  and b ), the temperature trend shows almost all latitudes having an increase, with the largest values at high northern latitudes. The decomposition of this temperature trend profile leaves the residual (the estimated GW portion) with the same shape, but with a reduced peak value in the north. On the precipitation side (Fig. 11c, d) , the observed precipitation trend (black curve, Fig. 11c ) shows a sharp peak just north of the Equator and a negative feature just south of that. The positive trend peak is co-located with the maximum mean precipitation (red curve) along the ITCZ. In the northern hemisphere, the trend shows a negative sign in mid-latitudes and then a secondary peak at higher latitudes. In the southern hemisphere, the trend is very variable. When the precipitation trend is decomposed, the residual or GW signal is similar to the observed (the black lines in Fig. 11d , c, respectively), but with smaller and less variable features. 
Summary
Satellite observations over the last 36 or so years have allowed for a much more accurate estimation of precipitation over the entire globe. This satellite era has also allowed for a close study of variations and trends during this period to better understand the regional and global changes in this particularly important variable. The current GPCP climatological map shows the well-known precipitation features of both the tropics and the middle and high latitudes, but now gives what might be termed as mature estimates of mean values of these regional features. In terms of mean annual precipitation over the entire globe, the GPCP number is 2.69 mm/day with an estimated error of approximately ±7%. The ocean and land totals when separated are 2.89 and 2.24 mm/day, respectively. The global number (and the ocean and land components) fits reasonably into large-scale water budgets using estimates of other branches of the water cycle (e.g., evaporation, transport), with perhaps an indication of a small underestimation over ocean. A similar value of possible underestimation over global oceans is obtained from examination of newer satellite-based estimates over a shorter period. Although there may be some ''missed precipitation'' on the light end of the intensity spectrum, the likely source of most of any underestimation probably comes from the underestimation of events or periods of heavy rainfall over tropical oceans. These absolute magnitudes will be refined as further analyses are done using data from the Global Precipitation Measurement (GPM) mission and other new measurements and careful comparisons with ground measurements. During the satellite era, the global surface temperature has increased, although not at a constant rate, and atmospheric water vapor has also increased. However, the global precipitation value has shown no significant positive trend over the period. Variations of precipitation are evident on even the largest scale, for the entire globe, and the separate ocean and land areas. ENSO, even though focused in the tropical Pacific Ocean, affects the global mean surface temperature, water vapor and precipitation magnitudes. During El Ninos, global values of all three variables increase. For surface temperature, increases up to 0.15°C are noted, with a corresponding increase of 0.4 mm/day for global precipitation, making for a rate of precipitation increase of 9%/C, near the Clausius-Clapeyron rate. La Nina events produce a smaller, negative temperature and precipitation signal for global temperature and precipitation. The two volcanic events during the period also produce temperature, water vapor and precipitation signals, all with a negative sign, up to 0.09 mm/day or around a 3% dip in global precipitation. Along with a same sign change in temperature, this also gives a precipitation-temperature rate change of near the C-C value (8%/C). These values associated with the inter-annual processes related to ENSO and volcanoes that are roughly equal to the C-C values differ from the long-term or trend process that shows a roughly zero trend. Thus, there is a significant difference between how processes affect these relations on the inter-annual versus the trend scales.
In addition to affecting global precipitation, ENSO events show a very strong signal in the patterns of precipitation anomalies across the tropics and into middle and high latitudes. Utilizing the 36-year period allows for multiple ENSO events to determine a mean or composite impact. The results show the alternating areas of positive and negative rainfall anomalies along the equator stretching east and west from the largest anomaly in the central Pacific and becoming weaker toward the west in Africa and toward the east in the Atlantic. But also obvious are extensions from the tropical features into middle and even high latitudes, indicating the extensive impact of this phenomenon.
Although the global total precipitation shows no significant trend, the pattern or map of observed trends shows a very distinctive pattern of positive and negative precipitation changes, with some linkages to the trend patterns for surface temperature and water vapor. Increasing rainfall is dominant in the western Pacific and Indian Ocean, in a narrow belt along the ITCZ location in the central and eastern Pacific and in the SPCZ. Areas of reduction are noted on either side of the ITCZ extending into the eastern Pacific and onto land (e.g., across the southern U.S.).
Since there has been significant overall warming of the planet during this time period, a question arises if this observed pattern is the pattern of precipitation change due to global warming. Can we use this pattern as an indicator of future changes? However, because the satellite era is relatively short in terms of climate change, the impact of an inter-decadal precipitation change signal is examined to eliminate the effect of a PDO-and AMO-based shift around 1998-2000. The resulting pattern of change signal strengthens the ITCZlocated increase in precipitation across the Pacific and shifts and moderates some other features and gives a closer pattern from that estimated from climate models running a GW scenario. This pattern is also similar to that estimated using various observations, reconstructions and models for the much longer period of the twentieth century .
All these results indicate the utility of the GPCP analyses and the value of this type of globally complete composite analysis of observations, including satellite and ground information. There is still much to be done in terms of utilizing new data sets and integrating them into the analysis without causing significant inhomogeneities to the analysis record. These new estimates, for example from TRMM, CloudSat and GPM, will help in many ways to improve the analyses and allow for some adjustment of earlier periods. Areas of needed research emphasis include intense tropical rainfall where even the TRMM and GPM radars reach saturation, and light precipitation over both land and ocean, especially in middle and high latitudes. With this satellite era record extending, as time moves on its usefulness for comparison with models and in interpreting variations in terms of longer changes such as at the inter-decadal and trend scales will improve. However, the long-term record necessarily uses different satellites with different instruments of varying capabilities. Piecing these records together in time and in space (e.g., tropical and high latitudes) may require an increased focus on GPCP-type analyses. Methods to extend the analysis back in time before the satellite era will be limited, of course, by the lack of sufficient direct ocean estimates, but can be used with over-land gauge estimates and both numerical and statistical models. There is no doubt that a better understanding of all these scales of variations of precipitation on our planet will require continued extension and improvement in global precipitation analyses.
